We present time-resolved observations of Rayleigh-Taylor-instability growth at the interface between an unmagnetized plasma jet colliding with a stagnated, magnetized plasma. The observed instability growth time (∼ 10 µs) is consistent with the estimated linear Rayleigh-Taylor growth rate calculated using experimentally inferred values of density (∼ 10 14 cm −3 ) and acceleration (10 9 m/s 2 ). The observed instability wavelengths ( 1 cm) are consistent with stabilization of short wavelengths by a magnetic field of the experimentally measured magnitude (∼ 15 G) and direction. Comparisons of data with idealized magnetohydrodynamic simulations including a physical viscosity model suggest that the observed instability evolution is consistent with both magnetic and viscous stabilization. Rayleigh-Taylor instabilities (RTI) [1] [2] [3] have been well-studied in neutral fluids for more than a century. RTI also plays an important role in astrophysical and laboratory plasmas, e.g., possibly in the formation of the pillars in the Eagle nebulae [4] and in all imploding fusion systems, e.g., [5, 6] . In a plasma, both magnetic field and a strongly temperature-dependent viscosity can dramatically affect the evolution of RTI and/or its consequences on plasma transport [7, 8] . While there is a significant body of work spanning many decades on the study of RTI in the context of inertial confinement fusion (ICF), e.g., [5] and references therein, only more recently have studies seriously focused on the effects of magnetic field and/or viscosity on RTI evolution in plasmas, e.g., [7] [8] [9] . Detailed experimental data on the latter, including for the general case where magnetic field and/or viscosity are affecting RTI evolution and stabilization, are especially needed for validating simulations of magnetized ICF [8, 10, 11] and magneto-inertial fusion [12, 13] .
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In this work, we present time-resolved observations of RTI growth and evolution at a decelerating, mostly planar plasma interface, focusing on the role played by magnetic field and viscosity in RTI evolution and stabilization. Our plasmas are larger (tens of cm), longer-lived (tens of µs), and have lower density (∼ 10 14 cm −3 ) than ICF plasmas, which make it easier for us to obtain quantitative diagnostic measurements. These factors allow us to experimentally infer nearby plasma parameters, including velocity v, magnetic field B, electron density n e and temperature T e , mean-ionization stateZ, and ion viscosity (with the assumption that T i = T e , which is reasonable given the equilibration time estimated to be a few tens of µs). The key results of this Letter are: (1) identification of instability growth consistent with theoretical estimates of linear RTI, (2) observation of instability wavelengths consistent with those expected from the magnetic stabilization of linear magnetic-RTI theory [3] as well as viscous stabilization, and (3) observation of the evolution toward longer instability mode wavelengths.
Experiments presented here were conducted on the Plasma Liner Experiment [14] [15] [16] . Two plasma-armature railguns fire plasma jets (composed of an argon/impurity mixture) that merge head-on after each propagating approximately 1.1 meters to the center of a 9-ft. diameter spherical vacuum chamber. Previously, individual jets [15] , two obliquely merging jets [17, 18] , and head-on merging jets [19, 20] have been well-characterized. In this work, we have added (at the center of the vacuum chamber) two magnetic-field coils in a Helmholtz (HH) configuration to produce a magnetic field perpendicular to the jet-propagation direction [16] . The HH current has a rise-time of ≈ 1.3 ms and is thus essentially steadystate on the time scale of the interaction (∼ 10 µs). Due to underdamped ringing of the railgun electrical current, plasma jets are released from each gun in a series with 30-µs intervals. After the leading jets from each gun collide and stagnate within the applied magnetic field (hereafter referred to as the "stagnated plasma"), the second jet arrives in the interaction region (Fig. 1) . Here we focus on the interaction of the second jet (from one of the guns) with the stagnated plasma. Diagnostics including a fast-framing camera (Invisible Vision UHSi 12/24), magnetic probe array, survey spectrometer, multi-chord interferometer [21, 22] , and photodiode array are employed to study the interaction region. Plasma density, T e , andZ are determined via an iterative data-analysis process [15] that utilizes interferometry and spectroscopy data and non-local-thermodynamic-equilibrium spectral calculations using PrismSPECT [23] . Plasma velocity is estimated via time-of-flight of features in both the photodiode-array and interferometer signals. elsewhere [15, 16] . Figure 2 shows fast-camera images (from a single shot) of the interaction of the second jet with the stagnated plasma. The stagnated plasma is dark and centered in the vicinity of the spectrometer view, which is in the center of the HH coils (≈ 30-cm radius). As the second jet impacts the stagnated plasma, the jet slows down. RTI-like fingers are easily seen in the images. Tracking the interface location in the images of Fig. 2 indicates that the interface slows from ≈ 16 to ≈ 7 km/s between t = 69 and 77 µs, corresponding to an deceleration of ≈ 1×10 9 m/s 2 . When the stagnated plasma is unmagnetized (i.e., the HH coils are not energized), no instability is observed in the fast-camera images.
We use an in-chamber magnetic probe (position indicated in Fig. 2 ) to measure the local magnetic field during the interaction of the second jet with the stagnated plasma (Fig. 3) , showing that the field strength grows to over 300 G and then falls dramatically to near 0 G during the time range shown in Fig. 2 . Previous measurements [18] showed that magnetic fields of 750 G are present in the jet at the gun nozzle and decay exponentially with time constant ≈ 5.6 µs, which implies a magnitude of 10 G by the time of jet arrival at the interaction region (without HH field). Measurements without energizing the HH coils indeed show that the field at the measurement location are below the detection limit of our probe (≈ 10 G), and thus the second jet is considered to be unmagnetized as it arrives in the vicinity of the HH coils.
Seven interferometer chords are used to measure the spatial and temporal evolution of phase shift ∆Φ from free and bound electrons in the plasma [21, 22] , with chord-integrated density n tot dl = ∆Φ/ C e Z − Err , where n tot is the total ionplus-neutral density, C e = (λ probe e 2 )/(4π 0 m e c 2 ) = 1.58 × 10 −21 rad · m 2 is the phase sensitivity to electrons, λ probe = 561.3 nm, and Err 0.08 is a bound on the contribution from bound electrons [18] , which for cases of interest is small compared toZ. Figure 4 shows the spatial profile of n tot Z − Err (with an assumed chord length of 30 cm), from which we infer that n tot ∼ 10 14 cm −3 . The images in Fig. 2 appear to show an increase in instability wavelength versus time. To quantify this, we plot the sum of vertical lineouts (Fig. 5 ) from the regions indicated in Figs. 2(c) and (f) . The lineouts show that 10 fingers appear at t = 71 µs, while only 6 fingers appear at t = 77 µs in a region of the same height. The displayed length scales are uncorrected for parallax, but this effect is negligible because the camera is situated approximately two meters from the jet and the camera line-of-sight is nearly perpendicular to jet propagation. The increase in wavelength over 6 µs is consistent with the damping of small-wavelength mode growth by a stabilizing mechanism.
Next, we compare our observations with linear magnetic-RTI theory [3] , which predicts a growth rate
g is the acceleration magnitude, k the instability wave vector, A the Atwood number [ratio of the difference and sum of heavy and light plasma mass densities, (ρ 2 − ρ 1 ) / (ρ 2 + ρ 1 ), across the interface], and B the magnetic field vector. Figure 6 shows γ versus RTI wavelength for a variety of B values relevant to our experiment (using ρ 2 = 2ρ 1 ≈ 5.6 × 10 −9 g/cm 3 ). The experimentally observed wavelengths are ≈ 2 cm. A magnetic field of ≈ 15 G aligned with k (vertical direction in Fig. 2 ) results in a fastest-growing mode around 2-cm wavelength and a linear growth time of 10 µs, which would be consistent with our observations. Our magnetic probe measurements (Fig. 3) show that k · B ≈ 15 G between 68 and 75 µs. For the results presented here, the HH coils are driven with 1.1 kA, generating an ≈ 290-G vacuum magnetic field dominantly in the axial direction (perpendicular to the direction of jet propagation), a direction that would give k · B = 0 in the γ formula given above. For stabilization, a magneticfield component in the vertical direction in the images of Fig. 2 is needed, and this is detected midway between the HH coils by the azimuthal-component measurement in Fig. 3 . This azimuthal measurement shows a 15-G field at the location of the probe a period of about 7 µs, or 3/4 of a growth time, during the observed RTI growth. Due to the kinetic energy density (ρv 2 /2) of our plasma jets being ≈ 30 times greater than the magnetic pressure, it is plausible that the applied vacuum field can be partially reoriented into the needed vertical (azimuthal) component via advection.
We next consider plasma viscosity, which stabilizes wavelengths shorter than a maximum wavelength λ max = 4π[ν 2 /(gA)] 1/3 where ν is the kinematic viscosity [24] . In our case, the viscosity is dominated by the ion viscosity due to their much larger gyro-radii than electrons, in which case viscosity is proportional to T 5/2 iZ −4 , and thus λ max ∼ T 5/3 iZ −8/3 . Because the jets are initially collisional with ion-electron energy-equilibration time of ≈ 30 µs, it is reasonable to assume that T i ≈ T e in the second jet. Comparing PrismSPECT spectral calculations with experimental spectra collected over a series of shots covering times both before and after the interface passes the location of the spectrometer enables bounding of T e in both the stagnated plasma and second jet. Prior to the arrival of the second jet, the appearance of line emission near 497.2 nm and the lack of line emission at FIG. 4 . Spatial profile of chord-averaged density ntot ≈ ne/Z at t = 77 µs, using a chord length of 30 cm estimated from camera images, along seven interferometer chords. Error-bars indicate the standard deviation over multiple shots. 520.8 nm indicate a peak T e ≈ 2.3-2.4 eV in the stagnated plasma. After the interface passes the spectrometer view, the appearance of line emission near 490.6 nm and the lack of line emission at 453.1 nm indicate a peak T e ≈ 2.7-2.8 eV in the second jet. Examples of spectra and comparisons with PrismSPECT spectral calculations have been presented elsewhere for similar experiments [15, 17] and thus are not shown here. For the range 2.3 < T e < 2.8 eV and corresponding 1.2 <Z < 1.6 (from PrismSPECT calculations), dynamic viscosities in the range 5.2 × 10 −5 < µ = ρν < 1.1 × 10 −4 g/(cm · s) are possible, which gives λ max ≈ 1.7-2.9 cm (using g = 10 9 m/s 2 , ρ 2 = 2ρ 1 = 5.6 × 10 −9 g/cm 3 ), which is consistent with the observed wavelengths.
To further explore the effect of viscous and magnetic stabilization in our experimental regime, two- dimensional simulations of RTI growth were computed using WARPX [8, 25, 26] , in which an ideal magnetohydrodynamic (MHD) model is solved with a discontinuous Galerkin method. An interface between two regions (with ρ 2 = 2ρ 1 ≈ 6 × 10 −9 g/cm 3 ) is simultaneously perturbed with three different wavelength seeds of 1, 4, and 20 cm. Computational resolution is 1 mm and numerical viscosity is negligible for the wavelengths studied. Subjecting the perturbed interface to an acceleration of 10 9 m/s 2 causes RTI growth. An array of different initially uniform magnetic field strengths and viscosities were compared to isolate and assess the effects of magnetic field and viscosity. Figure 7 shows the simulation results after 30 µs of growth for six cases, including two different magnetic field magnitudes (aligned along k) and two different values of viscosity. The left-most panel in Fig. 7 shows small-scale mode growth in the absence of both B and µ. The second and third cases with zero physical viscosity show that a horizontal magnetic field of 2 G is incapable of stabilizing even 1-cm modes, while a field of 15 G is capable of stabilizing 1-cm but not 4-cm modes. The fourth and fifth simulations from the left have no magnetic field but have viscosities corresponding to T e = 2.8 eV, Z = 1.6 and T e = 2.3 eV,Z = 1.2, respectively, from left to right. Interestingly, while both cases are capable of stabilizing 1-cm modes, the 2.8-eV case does so poorly, while the 2.3-eV case is qualitatively similar to the 15-G case. Finally the right-most case shows a simulation with both high viscosity and a 15-G magnetic field, and the results are quite similar to the 15-G field case. These simulations suggest that our experiments are in a regime in which both magnetic and viscous stabilization may be playing a role in explaining our observations. In summary, we presented time-resolved experimental observations of instability growth and evolution at a decelerating plasma interface in the presence of an applied magnetic field. The observed instability wavelength (≈ 2 cm) and growth time (∼ 10 µs) are consistent with linear magnetic-RTI theory in the presence of a 15-G field aligned with the instability wave vector. Such a field was measured in our experiment. In addition, a progression to longer wavelength (by a factor of 5/3 over 6 µs) was observed during RTI evolution. Finally, via ideal MHD simulations, we explored the effects of both magnetic field and viscosity on damping of the instability, and we conclude that in our parameter regime, both effects could be contributing to the observation of mode evolution toward longer wavelengths. The data and interpretations presented in this Letter are valuable for validating models used to simulate, e.g., the mitigation of mix in ICF by magnetic and viscous stabilization [8] or magnetic RTI in magneto-inertial fusion [9] .
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